Abstract-A novel, tri-band, planar plate-type antenna made of a compact metal plate for wireless local area network (WLAN) applications in the 2.4 GHz (2400-2484 MHz), 5.2 GHz (5150-5350 MHz), and 5.8 GHz (5725-5825 MHz) bands is presented. The antenna was designed in a way that the operating principle includes dipole and loop resonant modes to cover the 2.4/5.2 and 5.8 GHz bands, respectively. The antenna comprises a larger radiating arm and a smaller loop radiating arm, which are connected to each other at the signal ground point. The antenna can easily be fed by using a 50 Ω mini-coaxial cable and shows good radiation performance. Details of the design are described and discussed in the article.
INTRODUCTION
Compact planar antennas capable of providing multi-band operation in the 2.4 GHz (2400-2484 MHz), 5.2 GHz (5150-5350 MHz), and 5.8 GHz (5725-5825 MHz) bands for WLAN applications in diverse wireless electronic devices are in growing demand nowadays. One of the reasons is that the RF module pricing was driven down by major chipset vendors. In this case, more 802.11a/b/g/n transceivers are available on the market, and the antennas thereof are required. Many compact planar antennas were reported in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , including printed antenna structures [1] [2] [3] [4] [5] [6] in either monopole [1] [2] [3] [4] or dipole [5, 6] designs and metal-plate antenna structures in planar inverted-F antennas (PIFA) [7, 8] and shorted dipoles [9] [10] [11] designs. The latter can be more widely used in industry than the former.
Regardless of a great variety of the WLAN devices and antenna types, the aforementioned antennas are usually fed by mini-coaxial cables because of flexibility in deployment inside the devices and avoidance of clashing with the predetermined mechanical configuration. Moreover, except for dipole-like antennas [4, 5, 9, 10, 11] , these designs above have less omnidirectional radiation patterns over the 2.4, 5.2, and 5.8 GHz bands. In this letter, we propose another promising, compact and planar plate-type antenna for tri-band WLAN operation and able to yield good omnidirectional patterns with high radiation efficiency. The design was obtained from stamping a small metal plate of size 10 mm×38 mm with one T-shaped and one L-shaped slits inserted. The antenna comprises a larger radiating arm and a smaller loop radiating arm, which are linked at the signal ground point of the antenna. Three resonant modes to cover the 2.4, 5.2, and 5.8 GHz bands contribute to a 0.5-λ dipole mode, a 1.0-λ dipole mode, and a 0.5-λ loop mode formed at the same time in the antenna. The operating principle of the proposed antenna will be described and discussed more in detail with the aid of surface-current analyses and parametric studies. The experimental and simulated results are presented. Figure 1 shows the geometry of the proposed planar plate-type antenna. The antenna is easily made of a rectangular metal plate, a 0.3-mm-thick copper-nickel-zinc alloy. The area of the design occupies a size of 10 mm×38 mm. By cutting a T-shaped slit (of width 1 mm) and an L-shaped slit (of width 2 mm) in the plate, the proposed antenna is achieved. The antenna is further separated into two portions: a larger radiating arm and a smaller loop radiating arm, which are linked at the signal ground point, point B. Notice that the opposite point B is the antenna feed point, point A, with a feed gap of 1 mm. The first resonant mode for the 2.4 GHz band is mainly generated by the portions surrounding the T-shaped slit. The second resonant mode for 5.2 GHz operation is the higher-order mode of the first resonance and shows current nulls in the loop radiating arm (see Fig. 4 ). In this study, the distance d of the T slit is found to affect both the 2.4 GHz band and the upper band for 5.2 GHz operation (the second mode) for the antenna. Finally, the third resonance for the 5.8 GHz band is formed by a loop structure that begins from point A and arrives at point B through the conductive path. The length L in the loop radiating arm is introduced to control the desired operating frequencies to combine with the second mode for a wide operating band to include the 5.8 GHz band. The said two parameters will be analyzed, and the results thereof will be elaborated in the next section.
PROPOSED PLATE-TYPE ANTENNA
A photo of the design prototype is demonstrated in Fig. 2 . Clearly, the antenna can be constructed from a single piece of a flat plate at a low cost. A short, 50-Ω mini-coaxial cable of overall diameter (O.D.) 1.13-mm type with an miniature coaxial RF connector, for example I-PEX [12] and U.FL [13] connectors, is utilized to electrically couple the signals from the antenna to the WLAN module in practice. The inner conductor of the cable is connected to point A; the outer, braided shielding is soldered at point B. The location of the antenna port (over points A and B) is essential for good input matching and needed concerning in conjunction with the parameters d and L. The preferred dimensions for this design were attained by rigorous parametric studies with the aid of an electromagnetic-field simulation tool, Ansoft HFSS [14] , and the task was laborious before reaching near optimal values.
RESULTS AND DISCUSSION
A prototype of the proposed antenna as shown in Fig. 2 was constructed and tested. Fig. 3 shows the measured and simulated return loss of the constructed prototype. The experimental data in general agree with the simulation results. Three resonant modes for the 2.4, 5.2, and 5.8 GHz bands are excited. The measured impedance matching over the lower and the two upper resonant modes is all below a return loss of 10 dB [about voltage standing wave ratio (VSWR) of 2]. That's, the achievable impedance bandwidth of the proposed antenna satisfies the bandwidth specification for WLAN operation.
The simulated surface-current distributions for the antenna excited at 2.5, 4.8, and 5.9 GHz (modes 1, 2, and 3) are presented in Fig. 4 . The currents are plotted in the form of vectors (an arrow shape), and the current nulls are denoted as crosses in the figure. The dotted line represents the current magnitude. For the first and the second resonant modes, the antenna can be considered a bent dipole. Notice that mode 1 is of a 0.5-λ dipole mode, and mode 2 is of a 1.0-λ dipole mode. For the third resonance, the design acts like a 0.5-λ loop antenna with one current null located in the middle of the loop conductive path. The studies of the surface currents help illustrate the basic operating principle of the proposed design. The simulation studies of the effects of the parameters d and L on the antenna impedance bandwidth were also conducted for analyses of the operating principle; the results are shown in Figs. 5 and 6 respectively. The operating frequencies of the first resonant mode are seen quickly shifted to the lower frequencies with an increase in the distance d from 2.5 to 6.5 mm while those for the second resonance (mode 2) are slightly lowered. This phenomenon is due largely to the stronger surface currents surrounding the slit d portion for mode 1.
Notice that the third resonant mode is also affected because the two upper modes occur in close proximity and thus have some "pull" or "push" effects. For the small variation in the length L, it is seen Simulated return loss for the proposed antenna as a function of L with the other dimensions kept the same as studied in Fig. 3. (a) (b) (c) Figure 7 . Simulated 2-D radiation patterns at (a) 2442 MHz, (b) 5250 MHz, and (c) 5775 MHz for the antenna studied in Fig. 3 . that in Fig. 6 , the frequencies of mode 3 is substantially impacted and decreased with a step of 1 mm from 6.5 to 4.5 mm. This suggests that the third resonant mode for 5.8 GHz operation can be controlled by the parameter L in the smaller loop radiating arm.
The over-the-air (OTA) performance of the prototype in free space was studied. Figs. 7(a), (b) , and (c) show the far-field, 2-D radiation patterns at 2442, 5250, and 5775 MHz, the central operating frequency of the 2.4, 5.2, and 5.8 GHz bands, in E θ and E ϕ fields. The radiation patterns were normalized with respect to the maximum field strength among three major planes: the x-z, y-z, and x-y cuts. Good dipole-like, omnidirectional radiation patterns with large antenna gain lying in the x-y plane are observed. Figs. 8, 9 , and 10 plot the unit: dBi unit: dBi Figure 8 . Measured 3-D radiation patterns (including the x-z and y-z cuts) at 2442 MHz for the antenna studied in Fig. 3. unit: dBi unit: dBi Figure 9 . Measured 3-D radiation patterns (including the x-z and y-z cuts) at 5250 MHz for the antenna studied in Fig. 3 . measured far-field, 3-D radiation patterns at 2442, 5250, and 5775 MHz respectively. The ETS-Lindgren OTA test system using the greatcircle method in one local CTIA authorized laboratory [15] was utilized for the measurement. Good consistency in the patterns across the three operating bands (also compared with other in-band frequencies measured) was obtained. Again, dipole-like, omnidirectional patterns in the x-y plane can be found. Good agreement between the 3-D (measured) and the 2-D (simulated) radiation patterns are also reached. Fig. 11 plots the measured, peak antenna gain and the radiation efficiency against frequency for the proposed antenna. The peak gain in the 2.4 GHz band is at a constant level of about 2.4 dBi with radiation efficiency exceeding 80%, which corresponds to the total unit: dBi unit: dBi Figure 10 . Measured 3-D radiation patterns (including the x-z and y-z cuts) at 5775 MHz for the antenna studied in Fig. 3 . Figure 11 . Measured antenna gain and radiation efficiency for the antenna studied in Fig. 3 . radiated power (TRP) of −0.96 dBm when the antenna input power is 0 dBm. For the 5.2/5.8 GHz bands, the peak varies from 1.6 to 3.2 dBi with the radiation efficiency in the range of 75% to 83%, corresponding to the TRP of −1.24 to −0.80 dBm. The gain measurement here takes account of the mismatch of the antenna, and the "realized gain" [16] was measured.
CONCLUSION
A new, compact, planar metal-plate antenna has been proposed and tested. Prototypes for WLAN operation in the 2.4/5.2/5.8 GHz bands have been constructed and studied. The antenna is simply made of a rectangular flat plate of size 10 mm × 38 mm and can be massproduced at a low cost. The results show that the antenna is well matched with a return loss of 10 dB within the bands of interest. In addition, omnidirectional radiation patterns with TRP about −0.96 and −1.24 dBm over the 2.4 and 5.2/5.8 GHz bands are obtained. The proposed design is very suitable to fit in possible space inside the housing of wireless communications devices, leading to an internal antenna solution for WLAN operation.
